New components of bacterial polysaccharides, (2S,4R)-and (2R,4R)-2,4-dihydroxypentanoic acids, were identified using two-dimensional 1 H and 13 C NMR spectroscopy in the O-antigens of Providencia alcalifaciens O8 and O31. The acids were ether-linked via their 2-HO-group to a residue of either N-acetylglucosamine or mannose at position 4. The absolute configurations of the acids were determined by NOE spectroscopy, combined with molecular modeling.
Enterobacteria of the genus Providencia are associated with diarrhea in travelers and children, and are found also in non-diarrheic stool specimens [1] . The existing O-antigen-based serological classification scheme of three medically important species, P. alcalifaciens, P. rustigianii, and P. stuartii, includes 63 O-serogroups [2] . The O-antigen represents a polysaccharide chain of the lipopolysaccharide, which is the major component of the outer-membrane of the bacterial cell wall. At present, about 30 unique O-polysaccharide structures of Providencia strains from 35 O-serogroups have been established and a number of unusual monosaccharides and non-sugar groups have been identified as their constituents [3 and refs. cited therein]. Now we report, for the first time in bacterial polysaccharides, the identification of stereoisomeric ether-linked 2,4-dihydroxypentanoic acids as components of the O-polysaccharides of P. alcalifaciens O8 and O31.
The O-polysaccharides were obtained by mild acid degradation of the lipopolysaccharides, isolated from dried bacterial cells of P. alcalifaciens O8 and O31 by phenol-water extraction [4] . The 1 H and 13 C NMR spectra showed that, in addition to monosaccharide residues, both O-polysaccharides contain an unusual non-carbohydrate substituent (or substituents), which includes methyl, methylene, hydroxymethylene, and carboxyl groups. The O8-polysaccharide was found to contain also phosphate groups. For further studies, it was dephosphorylated with aqueous 48% HF, with or without prior treatment with aqueous ammonia, to give either oligosaccharide 1 or oligosaccharide 2, slightly contaminated with 1, respectively, which were isolated by gel-permeation chromatography.
The structures of oligosaccharides 1 and 2 were determined by 1 H and 13 C spectroscopy, including full signal assignment (Table 1) using twodimensional 1 H, 1 H COSY, TOCSY, ROESY, 1 H, 13 C HSQC, and HMQC-TOCSY experiments. This revealed spin systems for 2-acetamido-4-amino-2,4dideoxy-β-fucopyranose ( β-FucpNAc4N, residue A), 2-acetamido-2-deoxy-β-glucopyranose (β-GlсpNAc, B), β-galactopyranose (β-Galp, C), and glycerol (Gro, D) in both oligosaccharides, and either 2,4dihydroxypentanoic acid (DPA, E) in oligosaccharide 1 or its 1,4-lactone (E') in oligosaccharide 2. Glycerol was derived evidently from glycerol phosphate in the main polysaccharide chain. The D configuration of all monosaccharides was established by GLC of the acetylated 2-octyl glycosides [5] and analysis of glycosylation effects in the 13 C NMR spectrum of the O-polysaccharide (these data, as well as the full O-polysaccharide structure will be reported elsewhere). An attempt to isolate a monosaccharide ether with DPA in the free state by acid hydrolysis of the oligosaccharides failed owing to the full conversion of DPA into lactic acid, probably via retroaldol condensation. As judged from the 13 C chemical shifts of the linkage carbons, residue A is terminal, residue B is 3,4disubstituted, and residues C and D are monosubstituted at positions 3 and 2, respectively. The sequence of the sugar residues was established using gHMBC and gNOESY experiments with oligosaccharide 1. The gHMBC spectrum ( Figure 1 Based on these data, it was concluded that oligosaccharide 1 has the structure shown in Figure 2 .
Similar studies of oligosaccharide 2 showed that it has the same structure as oligosaccharide 1, except that DPA occurs in the form of a 1,4-lactone (E'). The formation of the five-membered lactone ring resulted in significant changes in both 1 H and 13 C NMR chemical shifts of DPA and less significant changes for the DPA-bearing sugar residue B (Table  1) . Intra-and inter-residue NOE correlations of some lactone protons were useful for determination of the relative and absolute configuration of DPA. In particular, the observation of an intra-residue E' H-2/H-4 correlation peak at δ 5.32/4.67 in the ROESY spectrum of oligosaccharide 2 ( Figure 3 ) Furthermore, inter-residue E' H-3a/B H-6a,6b correlations in the ROESY spectrum of oligosaccharide 2 enabled distinction between the two enantiomers. Based on an E' H-2/B H-4 correlation, the starting geometry of the B←E' linkage was selected as 0°, 0°, and a conformational search for the A→B←E' fragment was performed with the A→B glycosidic bond torsions pre-optimized. As a result, conformation maps were constructed for the A→B←E' fragment with the (2S,4R)-isomer (two minima, Figure 4A ( Figure 4A,B) , whereas the distance between these two protons in the (2R,4S)-isomer ( Figure 4C C HSQC, and HMQC-TOCSY spectroscopy showed that the O-polysaccharide 3 of P. alcalifaciens O31 has a tetrasaccharide repeating unit containing 4-and 3substituted residues of 2-acetamido-2-deoxy-βgalactopyranose (β- GalpNAc, A and B, respectively) , 3,4-disubstituted α-galactopyranose (α-Galp, C), 4substituted β-mannopyranose (β-Manp, D), and either DPA (E, minor) or its 1,4-lactone (E', major). The D configuration of Gal and GalNAc was established by GLC of the acetylated 2-octyl glycosides [5] . The monosaccharide sequence and the location of DPA were established using a ROESY experiment, which showed the following major inter-residue correlations: The ROESY spectrum of the O-polysaccharide 3 ( Figure 5) showed an intra-residue E' H-5/H-2 correlation at δ 1.39/4.74, which indicated that the asymmetric centers in DPA have the same ((2R,4R) or (2S,4S)) configuration. The presence of an E' H-2/D H-4 correlation and the absence of an E' H-3/D H-6 correlation enabled discrimination between the two variants. Based on an E' H-2/D H-4 correlation, the starting geometry of the E'→D linkage was selected as 0°, 0° and a conformational search for the E'→D fragment was performed (assuming that, as usually, Man has the D configuration). The search resulted in one major conformation for each of the (2R,4R)-and (2S,4S)-isomers ( Figure 6 ). The protons E' H-3 and D H-6 are in close proximity in the latter isomer ( Figure 6B) , whereas in the former, these protons are remote by more than 4A° ( Figure 6A) . These data suggested that the O-polysaccharide of P. alcalifaciens O31 contains either (2R,4R)-2,4dihydroxypentanoic acid or its 1,4-lactone 2-etherlinked at position 4 of a mannose residue. 
